Samples of mature plants of Lotus corniculatus collected in natural habitats in western Europe show that the polymorphism for cyanogenesis in this species is not directly comparable with that in Trifolium repens. There is, however, a decline in the frequency of the cyanogenic form from the Netherlands to Scandinavia. It is argued that T. Tepees is not a satisfactory plant for studies of localised variation because of its widespread use in agriculture. Cyanogenic cultivated varieties of L. corniculatus are now regular contaminants of the grass seed sown on the edges of many new roads and consequently care must also be exercised when working with this species. Because L. corniculatus reproduces vegetatively the criteria used for sampling and estimating phenotype frequencies are discussed in detail. Some plants have the ability to change phenotype during the year and the problems this poses for population studies are explained.
INTRODUCTION
IN a series of papers on Trfo1ium repens L., Daday (l954a, b, 1958 Daday (l954a, b, , 1965 has presented evidence showing a relationship between the mean January temperature (Northern Hemisphere) and the frequency of the cyanogenic form in different populations. The technique of sampling which Daday used was as follows. He obtained seed through the CO-operation of people all over the world, but he specified "20 wild T. repens seed heads to be collected from five different ecological areas around the named locality or 'collection centre'; the collection to be of wild T. repens only, and the place of collection to be well isolated from any cultivated land or reseeded pasture ".
A major disadvantage of the technique of sampling used by Daday is that local variation will be confounded when collections are made from five different ecological areas. Indeed, sampling established plants of T. repens has readily revealed localisations in the distribution of the cyanogenic form (Jones, 1968) . I have also obtained evidence showing that differences in the frequencies of the cyanogenic forms of Lotus corniculatus L. can occur over distances of no more than a few metres (Jones, 1972) .
When the plant being studied is a perennial there is the choice of collecting seeds, seedlings or plants, representing the potential, the viable and the established components of a population. Although seeds and 27 seedlings can give some indication of the genetic potential of a population, it is the mature plants which have withstood the rigours of establishment and survival, and will be the progenitors of future generations. There can be little doubt, therefore, that there are advantages in sampling plants rather than seeds when the objectives of the research are the description and explanation of localised variation.
On the other hand, when the research is concerned with trends over longer distances, local variation is of less importance and the differences between seed and plant samples of the same population are likely to be small compared with the differences between populations. Under these circumstances, seed samples may give results which are as reliable as plant samples and, indeed, Daday's work could not have been accomplished without seed samples.
This report has two objectives. Firstly, there is a need to explain the legitimacy of the phenotype determined by the sodium picrate test and the criteria used for sampling plants in natural habitats. Secondly, the results of sampling populations of mature plants of L. corniculatus growing in various localities in western Europe are described and the distribution of the cyariogenic form in this species is compared with that obtained by Daday with T. repens.
MATERIALS AND METHODS (i) The phenotype and the sodium picrate test
The basic technique used for testing leaves of plants for cyanogenesis has been described previously (Jones, 1966) . In both L. corniculatus and T.
repens four phenotypes can be distinguished, plants with /3-cyanoglucosides and fl-glucosidase (+ +), those with cyanoglucosides but no enzyme (+ -), those with enzyme but no cyanoglucosides (-+), and those with neither cyanoglucosides nor enzyme (--).
With L. corniculatus the usual weight of leaf tissue tested is between 15 mg and 25 mg and this gives rise to a threshhold effect which occurs at a concentration of 30 parts per million, the equivalent of 51 x I 0 mg of cyanide ion released by 17 mg of leaf tissue (Jones, 1963) . Thus any plant which releases less than 30 x 10 jigof volatile HCN per g of leaf tissue will be scored as acyanogenic. It should be noted that freshly made sodium picrate papers have been used exclusively in my work (Hogg and Ahlgren, 1942) and that these papers remained moist throughout incubation. Dry papers must be avoided because it is so easy to obtain false negative results with them. Over the years I have looked for better methods of testing for cyanogenesis and failed. After reviewing the quantitative techniques available for estimating HCN evolution by plant material, Zitnak (1973) has also expressed dissatisfaction with all of them.
There is good evidence that the test does distinguish between the phenotypic classes upon which selection can be shown to act. During the early stages of the work reported here and following the scheme of Corkill (1942) , crude quantitative estimates of the cyanide content of leaves were made by matching the colour changes in sodium picrate papers against a range of colour standards (Jones, 1966) . In this way six classes of cyanogenic plants were distinguished. The experiments on selective eating by molluscs used plants of different score for cyanogenesis and it was found that there was a good negative relationship between the extent to which a plant was eaten and its score for cyanogenesis (Jones, 1966) . Helix aspersa L. for example, gave the result shown in fig. 1 . It can be concluded, therefore, that the sodium picrate test is biologically meaningful in this context.
(ii) The genetics of cyanogenesis For T. repens, cyanogenesis is determined by two alleles at each of two loci, with the glucosidic and enzymic alleles dominant (Corkill, 1942; Attwood and Sullivan, 1943 genetic system involved in producing the same range of phenotypes in L. corniculatus is identical. There is no evidence to show that this is not true, but the formal breeding work which has been reported is far from conclusive. Dawson (1941) studied the genetics of "cyanogenesis" and his data show that he did not have segregation at both loci at the same time. He obtained the 35 1 F2 ratios expected of an autotetraploid segregating at a single locus. Dawsort himself states (page 54) that he was studying the genetics of the cyanogenic glycoside. This has always seemed to rue to be a reasonable assumption because the acyanogenic plants from Scandinavia which he used were more likely to be -+ than + -(see table 5), but Seaney and Henson (1970) believe (page 144) that Dawson was studying the genetics of the enzyme. Further examination of Dawson's paper suggests that if the genetic system is indeed similar to that of T. repens, then it is not possible to decide which of the systems he was actually studying. Bansal's (1966) study certainly shows dominance for -glucosidase formation and some form of tetrasomic inheritance at that locus. The problem with Bansal's work is that he explains his F2 ratios for the -g1ucosidase locus by invoking double reduction (chromatid segregation), which requires regular quadrivalent formation, whereas the cytological evidence (Dawson, 1941; Poostchi, 1959; Somaroo and Grant, 1972) shows that quadrivalent formation is a rare occurrence. This is, perhaps, not surprising because the chromosomes in L. corniculatus are small and the chiasma frequency is less than two per bivalent (Wernsman, Keim and Davis, 1964) .
The polymorphisms in both T. repens and L. corniculatus appear to be determined by systems of a simple switch-gene type. Either the plant is cyanogenic or it is acyanogenic. This phenotypic difference may be the result of the rather crude nature of the sodium picrate test used for this work, but because Dawson (1941) obtained good Mendelian ratios the test is reliable enough to show that the phenotypic variation being measured is genetically determined in a simple manner. Although the genetics of cyanogenesis appears to be the same in L. corniculatus and T. repens, this is no reason to suppose that the distribution of the cyanogenic forms will also be the same in these species. It is well known, for example, that the exceedingly similar snails Gepaea nemoralis (L.) and C. hortensis (Mull) have, in the same habitats, responded to the same selection in markedly different ways (Clarke, 1960) .
(iii) Quantitative variation in cyanogenic plants
Although it is apparent that the quantitative differences between cyanogenic plants (e.g. fig. 1 ) are likely to be important in natural populations, we do not know the genotype of any of the cyanogenic plants we have tested. Consequently it is not known whether this variation is caused principally by allele dosage or is an effect of genes at many loci. There are two main reasons why this work has not been done. Firstly we need much more reliable and sensitive methods for assaying the HCN released by plants. Now that synthetic linamariri is available a start has been made on improving the assay techniques. Secondly, and more important, Jones (1963) noticed that some individual plants of L. corniculatus often did not give consistent quantitative results when tested regularly over a period of several months. Subsequently it was discovered that de WaaI (1942) and Corkill (1942) had found the same to be true for T. repens. As a prelude to the genetic analysis of the quantitative production of HCN by L. corniculatus, we have been studying the conditions under which the HCN production changes (Ellis, Keymer and Jones, 1977) . We also expect to determine the extent to which this characteristic varies both within and between populations.
These changes in the amount of HCN released are presumably the result of increased or decreased production of linamarin and lotaustralin. When testing plants in the wild this plasticity is of major importance when the extreme states of the phenotype lie either side of the threshhold level of detection of HCN. A plant could be acyanogenic at some times of the year and cyanogenic at others. It is for this reason that the months in which plant populations were tested have been included in the tables. As far as the seed samples were concerned, the plants were grown in glasshouses which were maintained at temperatures above 16°C. It is not unlikely, therefore, that the seed samples would give a different estimate of the frequency of the cyanogenic form from the plant samples. To check this, it is necessary to collect a seed sample at the same time and from the same population as the one from which plants are being sampled and being tested for cyanogenesis. The only data available are so scanty as to be not very helpful. There are four pairs of plant and seed samples in tables 2-5, Glaston, Rounds Green, Sundstrup and Wijk aan Zee. Because of the close proximity of alien cyanogenic plants it is not surprising that the frequency of cyanogenesis among the seeds collected from native plants at Sundstrup (Jones, I 973a, and table 5 of this paper) is higher than among the native plants themselves. It is only at Wijk aan Zee that there is a significant difference between the seed and plant samples (X2{2] = 33.61 P < <0.001), but this result on its own is of no consequence to the problem being discussed.
Brighton and Home (1977) obtained significant differences between seed and plant samples at Sheriffmuir in Scotland, but their techniques of sampling and testing seeds were so different from those that will be described in this paper that comparison of results is not possible.
The observation that individual plants can have different phenotypes under different conditions (Ellis, Keynier and Jones, 1977) challenges the validity of the estimation of phenotype frequencies in natural populations. Certainly it makes nonsense of any attempts to determine allele frequencies, but as has been argued earlier the phenotype determined by the sodium picrate test does appear to be in the same scale as the one on which selection acts. Consequently, so long as we keep to phenotype frequencies and make comparisons between populations tested at the same time of the year, we have a valid estimate of the structure of a population at the time it was tested.
This means that we are justified in making comparisons between years provided we allow that apparent changes in phenotype frequency may be the result of phenotypic instability of the perennial plants quite apart from genuine changes in allele frequency.
(iv) The problem of cultivars (a) Lotus corniculatus In the U.S.A., L. corniculatus is a major fodder crop being grown in over 8 x l0 hectares in 1967 (Seaney and Hensori, 1970) . In Britain, on the other hand, L. corniculatus has not achieved the popularity of T. repens or Medicago sativa L. either for fodder or for ley, and recent work (Davies, 1969;  Chariton, 1973) with modern North American and Russian varieties is not encouraging. In Denmark it is now apparent that seeds from cyanogenic L. corniculatus have occurred as contaminants of the low-grade grass seed used to sow roadside verges (Jones, l973a) . Consequently there is the danger that alien plants may be confused with natural ones. The cultivars are tall, upright plants with broad leaves and long internodes whereas the normal type in northern Europe is prostrate and spreading with small leaves and short internodes. Because of these marked differences both in size and in growth habit it has not been difficult to distinguish between the cultivated and the native form of L. corniculatus in the wild (Jones, I 973a) .
Cultivated forms of L. cornicuatus have been found in various localities and the full data to hand are given in table 1. All but two of these samples were of plants growing alongside new roads or recently modified roads. The Weissensee and La Pierrière samples differ from the rest in that they were taken from fields sown for winter fodder. In Austria and alpine France, L. corniculalus and T. repens are regularly added to cocksfoot (Dactylis glornerata L.) and perennial rye-grass (Lolium perenne L.) seed mixtures in proportions similar to those outlined in Robinson (1947) . The Italian seed samples (table 5) in Britain. Because of the marked introgression of cultivated V. sativa into the native V. angus4folia most plants show one or more characteristics of V. sativa and consequently the two species were amalgamated under one heading-V. sauna-in the second edition of Clapham, Tutin and Warburg (1962) . T. repens has been used even more extensively for agricultural purposes and so it is very unlikely that " wild" plants occur in England. These arguments challenge the validity of Daday's data and the conclusions which he drew from them. It is, however, highly improbable that, by chance, the acyanogenic form of T. repens has been sown more frequently in north-east Europe and at high altitude while the cyanogenic form has been sown more frequently in south-west Europe and at low altitude. On the other hand, the frequency of the cyanogenic form in a particular variety may have been a major factor determining the success of that variety in different regions of Europe although, of course, the character itself would L. corniculatus has the ability to propagate vegetatively and so the distance between successive sampling points is important. Harberd (1958 Harberd ( , 1961 has warned us of the spurious effects which can be obtained if clone formation is ignored. Previous examination of the cloning ability of L. corniculatus suggested that 1 m was a sufficient distance between sampling points for most purposes (Jones, 1963) . On the other hand, the brown keel-colour 39/1-c polymorphism (Hart and Wilsie, 1959) enables individual plants to be distinguished and often it has been possible to distinguish, unambiguously, plants growing less than 1 m apart.
In common with all other methods of sampling the one used for this work has disadvantages. The error introduced by the cloning of the plants is indeterminate. No record of the exact position of any plant tested was made and therefore pockets of plants of similar phenotype would have been overlooked. This means that non-random distribution of the plants would not have been detected.
On the other hand, there is the advantage that the way in which plants were tested for cyanogenesis is akin to sampling with replacement, in that the individuals are scarcely disturbed. This is important, because unlike in many other studies, the dynamics of the population can in no way be altered by the sampling.
Where plants are arranged at random, systemadc and random sampling are equally efficient for obtaining a phenotype frequency for the whole population (Yates, 1971) . When plants are not distributed at random, which is the case with L. corniculatus (Usher, 1975) , the error of the estimate of phenotype frequency from random sampling is larger than that obtained by systematic area sampling (Yates, 1971; Harberd, 1958) or in other words, a greater difference between two random samples of the same population may be expected than between two systematic area samples. The seeds of a plant arc more likely to establish close to that plant and hence non-random distribution may be regarded as likely a priori. Clearly, a bias has been introduced here. Allowances can be made for the non-random distribution of the plants when determining the sampling distance between plants. In addition, calculation of the error of the systematic sample, as if it were a random one, gives rise to an overestimate (Yates, 1971 ) and hence using this standard error will reduce the chance of spurious significance.
It will be noticed that, unlike in Daday's work (1954 et seq.), only phenotypic frequencies have been used in this paper and in previous reports (e.g. Jones, 1970) . The main reason why allele frequencies are not used is that the glucoside locus in L. corniculatus apparently shows tetrasomic inheritance.
For example, suppose that the frequency of the acyanogenic form in a population of L. corniculatus is I per cent. The estimated frequency of the aglucoside allele is 31 62 per cent. Thus it is possible to infer that the /3-glucoside allele is absent from a sample of 100 plants or more even though its frequency may be as high as 30 per cent. liven with diploids, a sample of 100 exclusively cyanogenic plants can overlook a recessive allele frequency of 10 per cent. It is clear, therefore, that it is much wiser to use the phenotype frequency instead of the estimated allele frequencies when comparing samples.
Furthermore, the ability of both of these leguminous species to reproduce and spread vegetatively could make the determination of allele frequencies in natural populations highly dubious. The problem is that when a plant clones, we do not know what constitutes an individual. It was stated earlier that a minimum distance between two sampling points of 1 m has been used throughout this work. For consistency, therefore, the plant material collected at these sampling points is assumed to have been obtained from separate plants and so phenotype frequencies have been calculated accordingly.
RESULTS
The results of sampling groups of L. corniculatus plants in Britain and on the mainland of western Europe are given in tables 2-5. Details about the localities listed are available from the Brynmor Jones Library, University of Hull.
Where it was not possible to test plants in their natural habitat, seed samples were collected. One ripe pod per plant was taken from as many individuals as possible in each group of plants. Samples of the seeds were grown in the glasshouse and only when there was a high germination and establishment rate were the resulting plants scored for cyanogenesis. Many more locations have been sampled than are indicated by the data listed in these tables. For example, where samples from different locations in the same area were not heterogeneous, they have been pooled for presentation in fig. 2 and fig. 3 . The data for the Netherlands and Denmark have been presented elsewhere in greater detail (Jones, 1972 Further data in table 8 of this paper. A map will he found in Jones (1973b) . Further data in Jones (1972) and in Ellis, Keymer and Jones (1976) . § Lotus tennis Waldst. and Kit ex Willd. occurred at this site, but was not tested. One of the most convincing aspects of Daday's work with T. repens was his discovery that there was a decline in the frequency of both the ,8-glucoside and the /3-glucosidase forms of this plant in seed samples collected at successively higher locations in the Alps (Daday, 1 954b) . His hypothesis that the correlation between the distribution of the cyanogenic form of T. repens and January mean temperature was biologically meaningful stood or fell by that alpine data. More recently the association between the frequency of cyanogenesis and altitude has been confirmed by de Araüjo (1976) who sampled T. repens plants irs the mountains of north Wales. (Tutin et al., 1968) . These plants were screened because when sampling L. corniculatus at high altitudes in the Alps care must be taken to avoid possible confusion with L. alpinus, a species which is also polymorphic for cyanogenesis (Urbanska-Worytkiewicz and Wildi, 1975) .
(ii) Localised variation Sampling groups of plants growing close together has revealed significant differences in the frequency of the cyanogenic form over short distances. Several localities in which this occurs have been listed elsewhere (Jones 1968 (Jones , 1970 (Jones , 1972 and the interpretation of these observations will not be repeated here.
A region which is clearly aberrant is near Busum in Schleswig-Holstein (table 8) corniculatus other than on the dykes, although as expected, Lotus uliginosus Schkuhr occurs commonly at the side of the numerous drainage channels.
The cyanogenic plants of L. corniculatus are not confined, however, just to the sea dykes, even though it was plants on these dykes which were sampled first.
In the Busum region two types of cyanogenic plants occur which are morphologically distinct. One type is the cultivated form (included in (Robinson, 1947) had similar morphological characteristics to cultivated varieties used today and therefore it would seem that selection in the Busum area has been stronger against the alien forms of plant morphology and growth habit than against alien cyanogenesis. This is the first attempt at a population survey of cyanogenesis in L.
corniculatus and it has not been possible to suggest an explanation for cyanogenesis in this species in the way in which Daday (1965) did for T. repens. Instead each habitat has to be studied in detail and the relative contribution of the known selective agents have to be examined in each situation. Mature plants have been tested in their natural habitats in various countries in Europe and there are now sufficient data to demonstrate why no general hypothesis is possible. In L. corniculatus there is an overall change in the frequency of the cyanogenic form from Spain, across Europe to Scandinavia. In T. rep ens it is gradual, whereas with L. corniculatus it appears to occur as a stepped dine over a distance of 150 km in the Netherlands. In both species significant changes in frequency occur over short distances (Jones, 1968 (Jones, , 1970 (Jones, , 1972 (Jones, and 1973a . I have been able to explain some of these situations for L. corniculatus, but for T. repens the introduction of cultivars is a possibility which cannot be checked. It was hoped that the studies on L. corniculatus in the Netherlands would have led to an explanation of the dine in that country, but this has not happened (Jones, 1972; Ellis, Keymer and Jones, 1976) . A clear association was found between the frequency of the cyanogenic form and latitude, but the metereological records for the period 1951-60 (Klimatologische Gegevens, 1969) revealed no variable which could be correlated with latitude in that region. The west coast of the Netherlands has a remarkably uniform climate, even though it stretches for a distance of 150 km between latitudes 51 050 and 53°N. For the dines in Pinus silvestris L. (Langlet, 1959) and Drosophila melanogaster (David and Bocquet, 1975) it is clear that the latitudinal effects are general because the published evidence shows that all the populations which have been examined fit on one dine. A different situation exists with the dine for leaf papillae in Dactylis marina Borrill along the coast of Portugal (Benson and Borrill, 1969) . There is no evidence whether the dine exists in other populations of D. marina at the same latitude.
Other examples, in England, are the latitudinal dines for the character of papillac on the seeds of Spergula arvensis L. (New, 1958) , spotting on the leaves of Arum maculatum L. (Prime, 1955) and for /3-chromosomes in the grasshopper Myrmeleotettix maculatus (Hewitt and Brown, 1970) . It is not known whether similar dines exist in these species on the mainland of Europe. Similar difficulties arise when attempting comparisons with work outside Europe (e.g. Epling, Lewis and BalI, 1960; Cook, 1962; Masaki, 1967) .
For cyanogenesis in L. corniculatus, however, data collected at the same latitude in Britain can be compared directly with that of the Netherlands. The data in table 2 show that there is no decline in the frequency of cyanogenie plants in England between the latitudes 51°45'N. (Oxford) and 53°N. (Cauldon Lowe) (see fig. 3 ). Clearly the effect of latitude is not a general one for L. corniculatus.
The studies of the polymorphism of cyanogenesis in L. corniculatus and Y. repens have revealed morph ratio dines at three levels. Daday (l954a) observed a gradual change in the frequency of the cyanogenie form of T.
rep ens over the continent of Europe, whereas I (Jones, 1972 ) demonstrated a comparable change in L. corniculatus over 100 km. On a smaller scale, both for T. repens and for L. corniculatus (Jones 1970, 1 973a, b) , significant differences in frequency have been found between groups of plants growing only a few metres apart.
It is not possible to suggest an overall hypothesis to explain these dines. Certainly there is no simple cause-and-effect relationship controlling the distribution of the cyanogenic phenotype of L. corniculatus. We know that under some conditions selective grazing, soil water content and perhaps temperature are important and yet it is clear that not one of these predominates in the way that Daday (1965) was able to demonstrate winter temperature as the principal selective agent on cjyanoglucoside production in T. rep ens.
Even that work failed to demonstrate a differential effect of temperature on cyanogenic plants.
